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Os copolímeros de bloco têm sido amplamente estudados devido à sua capacidade 
de, em solução aquosa, se auto-organizarem em nanostruturas coloidais, desde 
micelas e cristais líquidos a nanocápsulas e nanogéis. Desta forma, estes compostos 
têm vindo a destacar-se em áreas como a extração petrolífera, a veiculação de 
fármacos e o desenvolvimento de sensores. Quando se visa a sua aplicação em 
sistemas de veiculação de fármacos, é necessário encontrar copolímeros de blocos 
aptos a formar agregados biocompatíveis e com sensibilidade a diferentes parâmetros 
fisiologicamente relevantes, tais como a temperatura, o pH e a força iónica. 
Com o presente trabalho, pretendeu-se efetuar a caraterização do 
comportamento fásico e microstrutural de misturas aquosas do copolímero de tribloco 
aniónico metoxipolietilenoglicol-bloco-poli(N- isopropilacrilamida)-bloco-poli(2-ácido 
succínico-propiloxilmethacrilato) (MPEG45-b-PNIPAAM48-b-PSAPMA10), com dois tipos 
de tensioativos iónicos: dodecilsulfato de sódio  (SDS), aniónico, e brometo de 
dodeciltrimetilamónio (DTAB), catiónico. Para este propósito, recorreu-se a métodos 
de difusão dinâmica de luz (DLS) e microscopia de luz de alta resolução (DIC-VELM). 
Para se investigar o efeito dos tensioativos iónicos no tamanho da cadeia do 
copolímero de bloco em solução foi também usada dispersão de neutrões de baixo 
ângulo (SANS). 
  Em geral, observou-se que a adição de tensioativo iónico à solução do 
copolímero conduz a uma diminuição do tamanho das partículas poliméricas, devido à 
indução de repulsões electrostáticas e à solubilização dos microdomínios hidrofóbicos. 
Verificou-se ainda que ambos os tensioativos iónicos induzem um aumento do ponto 
de turvação do polímero, e que a intensidade deste efeito depende da carga e 
concentração de tensioativo. Medições do potencial zeta na presença do tensioativo 
na solução polimérica mostram um aumento na densidade de carga superficial das 
partículas com o aumento da concentração de tensioativo. Foram ainda realizados 
estudos complementares de citotoxicidade em fibroblastos NIH-3T3, para avaliação do 
potencial biológico das misturas como veiculadores de biomoléculas. Verificou-se que 
a citotoxicidade do copolímero de tribloco altera-se na presença de tensioativo, 
aumentando à medida que a concentração de SDS aumenta, mas diminuindo com o 
aumento da concentração de DTAB. 
Palavras-Chave: Tensioativo; Copolímero de bloco; Micelas; Auto-agregação; 









Block copolymers have been widely studied in recent years due to their ability to self- 
assemble into nanostructures in aqueous solution, and for their potential in applications 
such as enhanced oil recovery, targeted drug delivery and sensor design. Given this 
functional versatility, the most general aim of this work has been to contribute for the 
development of systems with potential for drug delivery applications. For this purpose, 
it is necessary to find block copolymers capable of forming aggregates that possess 
biocompatibility. 
 In this work, aqueous solutions of a negatively charged triblock copolymer 
methoxy-poly(ethylene glycol)-block-poly(N-isopropylacrylamide)-block-poly(2-succinic 
acid-propyloxyl methacrylate) (MPEG45-b-PNIPAAM48-b-PSAPMA10), have been 
characterised in the presence of the surfactants sodium dodecyl sulphate (SDS) 
surfactant, anionic, and dodecyltrimethylammonium bromide (DTAB), cationic, at a 
constant concentration of polymer and at various levels of surfactant addition. The 
main objective of this work was to investigate the phase behaviour and microstructure 
of the copolymer/surfactant aqueous mixtures. For this purpose, dynamic light 
scattering (DLS) and DIC-video enhanced light microscopy (DIC-VELM) were used to 
probe the effect of the ionic surfactants on the size of the block copolymer, and small-
angle neutron scattering (SANS) as a complementary technique to probe the structure 
on a mesoscopic length scale. The addition of a surfactant to the copolymer solution 
leads to a decrease of the polymeric particle size, due to electrostatic repulsions and 
solubilisation of the hydrophobic microdomains. Zeta-potential measurements of 
polymer moieties covered by surfactant show an increase in the charge density with 
increasing surfactant concentration. The cloud point of the different polymer-surfactant 
mixtures was also measured. In addition, cytotoxicity studies were carried out on 
fibroblasts cells NIH-3T3 to investigate the potential of the systems as drug delivery 
carriers. Results show that the cytotoxicity of the polymer changes with surfactant 
addition, rising as the concentration of SDS increases but it falls off with increasing 
DTAB concentration. 
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Surfactants are amphiphilic molecules characterised by their tendency to adsorb at 
surfaces and interfaces. This tendency to adsorb is caused by the existence of two 
distinct parts in the structure: a headgroup and a tail, both with different affinities 
towards a given solvent, water or oil. The headgroup (polar) is hydrophilic having 
affinity towards water and the tail (nonpolar) is hydrophobic, avoiding contact with 
water. This part is usually a long alkyl chain that prefers oily environments (lipophilic) 
(Figure 1.1). Surfactants are usually classified according to the charge of the polar 
headgroup as anionic, non-ionic, cationic, catanionic or zwitterionic. Another way to 
classify the surfactants is according to the number of chains - as single-, double- triple-
chained, etc. The chemical nature of the headgroup (carboxylates, amino acid-based, 
etc.) can be also considered. By combining different tails with different headgroups it is 
possible to increase the complexity of the surfactants, and with this to achieve a wide 





Figure 1. 1 – Schematic illustration of a surfactant. 
 
 
Anionic surfactants are the most widely used class of surfactants in industrial 
applications due to their relatively low cost to manufacture; they are commonly used as 
emulsifiers and in detergent formulations. The most common anionic surfactants are 
single chained amphiphiles with carboxylate, sulfonate, sulfate, and phosphate polar 
headgroups. Counterions, such as sodium, potassium, ammonium, calcium, and 
different protonated alkyl amines are the most common in these surfactants.1, 3 
Cationic surfactants are mostly used in technological applications, due to their 
tendency to adsorb onto negatively charged surfaces, such as metal, plastics, fibers, 
and cell membranes.  The most common cationic surfactant consist of long chain alkyl 







   
  
  
Nonionic surfactants have an uncharged polar headgroup and they can have 
either a polyether or a polyhydroxyl unit. These surfactants are essentially used in the 
food industry as thickeners and emulsifiers.5 
 Zwitterionic surfactants possess an anionic charge and a cationic charge in the 
same molecule. Ammonium usually gives positive charge to the molecule, while the 
negative charge is typically generated by carboxylate group. Zwitterionic surfactants 
have excellent dermatological properties and are widely used in cosmetic products, 
since they have a low level of irritability.6, 7  
Catanionic surfactants are another class of surfactants and they are 
characterised by having an overall neutral charge. This surfactant consists of two 
oppositely charged amphiphilic ions.1, 2, 8  
 
Table 1. 1 – Examples of different surfactants and their classification according to the headgroup charge.5 



























Surfactant molecules when dispersed in water, in order to avoid unfavourable 
interactions between the hydrophobic tails and the solvent, tend to adsorb at surfaces 




   
  
  
polar phases, to minimize the contact, tend to create an interface between them. This 
interface is unfavourable and has a significant high interfacial tension, associated with 
an excess of Gibbs energy. The adsorption of surfactants at the interface will reduce 
the Gibbs energy, lowering the interfacial tension.8 This property, combined with a 
structural diversity of the surfactants, justifies why the surfactants are widely used in 
technical applications and industrial processes, such as detergents, food additives, 




Figure 1. 2 - Schematic representation of behaviour of a surfactant in aqueous solution. 
 
 
To minimize unfavourable contacts between the hydrophobic tails of the 
surfactants and the solvent, the surfactants tend to self-assemble in the bulk of the 
solution, with the polar head facing the polar solvent. The structures formed in the self-
assembly process are dependent of the type of surfactant and its concentration.5, 10, 11 
 
1.1.1)   Surfactant Self-Assembly 
 
The ability of surfactants to associate in aqueous solution is designated as surfactant 
self-assembly. The structures formed through self-assembly include micelles, 
liposomes and liquid-crystalline structures, among others. The structures of the 
aggregates may influence certain properties of the surfactant solutions, such as the 
capacity of solubilisation of hydrophobic substances, or their viscous and viscoelastic 
properties; and consequently the performance of surfactants in various applications. 




   
  
  
Different applications require the presence of different aggregates in the 
solutions. In view of this, it is important to understand which type of aggregate a 
specific surfactant will form, using molecular models such as the surfactant packing 
parameter and the mean spontaneous curvature model.13 
 
1.1.1.1) Surfactant Packing Parameter 
 
The surfactant packing parameter (𝑃𝑠), which relates the geometric shape of the 





 (1. 1) 
 
where 𝑉ℎ𝑐 is the volume of the hydrocarbon chain, 𝑎ℎ𝑔 is the effective headgroup area 
and 𝑙ℎ𝑐 is the length of the hydrocarbon chain. In general terms, 𝑃𝑠 defines a cylinder of 
area 𝑎ℎ𝑔 and length 𝑙ℎ𝑐 as the reference structure forming a bilayer of zero curvature 
(𝑃𝑠=1). When surfactant has the shape of a cone, the preferred aggregates will be 
spherical micelles (𝑃𝑠=1/3) and cylindrical micelles when the surfactant has the shape 
of a truncated cone (𝑃𝑠=1/3 to 1/2). Surfactants with an inverted cone configuration will 












3 = 0.0274+0.0269 𝑛𝑐                           (1. 2) 
𝑙ℎ𝑐/nm








where nc is the number of carbon atoms in the chain. The value of 𝑎ℎ𝑔 is often difficult 
to estimate due to the strong variations of the medium conditions (e.g. salt).15 
 
1.1.1.2) Spontaneous Curvature 
 
The spontaneous curvature (𝐻o) mode is an alternative model for understanding 
molecular self-aggregation. It is particularly useful in describing different morphologies 
in bilayers (planes, vesicles and sponge phases). The aggregates are considered to be 
built-up of surfactant films and, depending on the curvature of the films, it is possible to 











)   (1. 4) 
 
where 𝑅1 and 𝑅2 are the radii of curvature in two perpendicular directions (Figure 1.4).  
For the stipulation of each radius sign, a direction normal (mean curvature) to 





Figure 1. 4 - Radii of a curvature in (A) sphere (𝑅1 and 𝑅2 are positive); (B) cylinder (𝑅1 is positive and 𝑅2 is infinite); (C) 
saddle point (𝑅1 is positive and 𝑅2 is negative).
5 
 
Normal micelles have positive film curvature, while a reverse one has a 
negative curvature. Planar films, like a lamellar phase, have zero curvature (both radii 
are infinite), besides, there are still more complex structures with a “saddle-shaped” 
geometry having two principal radii of curvature with opposite signs. It should be noted 
that the surfactant always adopts a curvature that minimizes the Gibbs energy, which is 




   
  
  
analogous to 𝑃𝑠, since the preferred curvature will also depend on the relative 
proportion of polar and nonpolar volumes. However, the theory behind it is based on a 
consideration of the mechanical properties of the film as a whole. Briefly, 𝑃𝑠 is related to 




Table 1. 2 - Aggregate structures and their relation with 𝑃𝑠 and 𝐻𝑜.
5 
Aggregate 𝑯𝐨 𝑷𝒔 Aggregate structure 
Spherical micelle 1/R 1/3 
 
 




Bilayer ≈0 1 
 
 


















   
  
  
Additionally, external parameters, such as temperature, salt, co-solutes, and 
surfactant concentration can also affect the packing parameter and the spontaneous 
curvature and thus the type of self-assembled structures formed.18 
 
1.1.2)  Surfactant Micelles  
 
The formation of the micelles occurs when the concentration of the surfactant (free 
unimers) exceeds a critical value, the critical micelle concentration (cmc). This occurs 
above the Krafft temperature (TKr) of the surfactant, also known as critical micelle 
temperature. Below the TKr, noncrystallized surfactant unimers coexist with the 
crystalline hydrated surfactant species. The Krafft point is the temperature (more 
precisely, narrow temperature interval) above which the solubility of a surfactant rises 
sharply, and at this temperature the solubility of the surfactant becomes equal to the 
cmc.19 In other words, the TKr is considered the minimum temperature at which the 
surfactant forms micelles. Above the cmc, micelles coexist with unimers, and their 
concentration remains constant and equal to the cmc. 
Micelles have distinct properties when compared with the properties of free 
unimers, at the cmc. Physical parameters, such as conductivity, surface tension, and 











   
  
  
Micellization is driven by the hydrophobic effect that promotes association, and 
by the headgroup repulsions (steric or elecstrostatic) that define the mean aggregation 
number. In general, the aggregation process can be described by the following 
stepwise addition of a surfactant unimer, S, to the aggregate Sn-1 as: 
 
S + Sn-1 ⇌Sn (1. 5) 
 
It is not possible to specify completely all the Kn equilibrium steps. This can be 
quantified by two thermodynamic models: the pseudo phase-separation model, and the 
mass-action (or equilibrium) model.16, 21  
 
1.1.2.1)    Phase Separation Model 
 
In the phase separation model, micelles are considered as a separate phase. Micelle 
formation and a phase-separation process are related, especially regarding the high 
cooperativity of the micellization process. The addition of a molecule to a group of 
molecules is favourable because once the aggregation has started it becomes more 
and more favourable to add another molecule until a large aggregation number is 
reached. This model assumes that when aggregation occurs, micelles coexist with 
unimers and the unimer concentration remains approximately constant and equal to the 
cmc.1, 5 
The distribution of surfactant molecules between the solution phase and the 
micellar phase can be described with the chemical potential of the surfactant in the 
micellar phase related to those of the surfactants that are dispersed in the aqueous 
phase. This can be described at phase equilibrium as:22 
 
μS = μmic (1. 6) 
 




° + RT  ln 𝑥𝑐𝑚𝑐        (1. 7) 
 
where μS
°  is the unimer standard chemical potential, R is the gas constant and T the 
absolute temperature. The activity a can be expressed as 𝑥𝑐𝑚𝑐, considering that the 
cmc is expressed in surfactant mole fraction and the activity coefficient is unitary. Since 




   
  
  
potential in the micellar phase (μmic), is equal to its chemical potential in the standard 
state:5 
μmic = μmic
°               (1. 8) 
 
For any pure condensed phase α = 1. At the equilibrium (equation 1.6), the 
chemical potential is equal in both phases and thus:  
 
μmic 
° = μ 
°
S
+ RT  ln 𝑥𝑐𝑚𝑐                                          (1. 9) 
 
The standard molar Gibbs energy of micellization, ΔmicGmº, represents the 
difference between the surfactant chemical potential in the micelle and its standard 








=RT ln 𝑥𝑐𝑚𝑐                      (1. 10)             
Even if this equation (equation 1.10) provides a useful approximation for 
obtaining ΔmicGmº, and the phase separation model captures several features of micelle 
formation, it fails to describe the start-stop mechanism of this process. In truth, micelles 
are not unlimited assemblies, but they are aggregates with a finite aggregation 
number.5 Additionally, this model does not properly take into account the fact that for 
ionic surfactants the micelles are partially ionized due to counterion dissociation.16, 20 
 
 
1.1.2.2)     Mass-Action Model 
 
In the mass-action model, surfactant unimers and micelles are in association-
dissociation equilibrium.10 This model assumes that a specific aggregation number N 
dominates over all the others. According to this, N surfactant unimers (S) assemble into 
a SN aggregate, as described by:1, 5 





  (1. 12) 
 
The total surfactant concentration expressed in terms of moles of unimers [S]T, 








[S]T=N [SN] +[S]=N KN [S]
N+ [S]                                      (1. 13) 
 
With the thermodynamic relation between the standard Gibbs energy and the 
equilibrium constant, it is possible to obtain the molar Gibbs energy of micellization 








ln |SN| + RT ln |S|                        (1. 14) 
 
For most of the surfactants, for N > 50, and near the cmc |SN|<<|S|, will lead to 
a new equation, where the first term in Equation 1.14 can be ignored (|S|=cmc), giving 
the same result as Equation 1.10:5 
ΔmicGm° = RT  ln 𝑥𝑐𝑚𝑐  (1. 15) 
 
This model shows that the higher the aggregation number, the more 




                                           (1. 16) 
 
This differential can be understood by analysing the results in Figure 1.6. When 
N is increased, ∂(N[SN])/∂([S]T changes more abruptly from zero to one, however when 
N → ∞, the result of the phase separation model is obtained, with a discontinuity in the 
derivative at the cmc. For finite values of N, the aggregation process is gradual. The 
cmc, by definition, is the point at which ∂(N[SN])/∂([S]T) = 0.5. In other words, is the 
point at which an added unimer has the same probability of entering the micelle or 













In this model, the thermodynamic formulations for ionic surfactants are slightly 
different from the non-ionic (described previously).  
 
For anionic surfactants (S-C+), in the micellization process, N surfactant unimers (S-), 
associate with P counterions (C+), to yield a micelle of net charge N-P. This process is 
described by:5 
NS-+PC+ ⇌  SN
(N-P)
-












 (1. 18) 
 








  (1. 19) 
From the thermodynamic relation between the standard Gibbs energy and the 
















   
  
  
Considering that at the cmc [S-]≈[C+] and that the micelles have usually N > 50, 
the Equation 1.20 can be simplified as: 
 
ΔmicGm° = (2 − 𝛼)RT ln 𝑥𝑐𝑚𝑐          (1. 21) 
 
where α is the degree of counterion dissociation and the term (2 − 𝛼) is often called the 
Gibbs pre-factor term. It is important to mention that this equation is only valid for 
monomeric surfactants with monovalent counterions, in absence of added salt. For a 
neutral micelle, α takes the value of 0 and for a fully charged micelle it takes the value 
of 1.1, 5, 10 
 
1.1.2.3)   Micelle Growth 
 
The size and the shape of the micelles in surfactant solutions do not remain constant 
with the increase of surfactant concentration. A diversity of aggregates tend to form, 
such as cylindrical micelles, dislike micelles, spherical micelles, elongated micelles, 
and branched giant micelles.1, 5, 7 The size and shape can be influenced by some 
factors such as temperature, alkyl chain length, nature of counterions and ionic 
strength, affecting also the formation and stability of micelles.2 For instance, with a 
decrease in temperature ionic surfactant micelles tend to grow in size, whereas for 
non-ionic surfactants the inverse behaviour is observed. The short-chain surfactants 
(up to C8-10) do not show any significant micellar growth, whereas for surfactants with 
higher alkyl chain length (C14 and higher) deformation and growth at low or moderate 
concentration occurs. Primarily, the micelles form short prolates or cylinders and then, 
long cylinders or wormlike micelles. Surfactants with intermediate long chains only 
show micelle deformation at relative high volume fraction (≈ 0.3).  Organic counterions, 
such as salicylate, promote the micellar growth for long-chain ionic surfactants even at 
low surfactant concentrations. For ionic surfactants, the addition of electrolytes leads to 







   
  
  
1.2) Polymers and Block Copolymers 
 
Polymers are macromolecules built up of repeating units, called monomers. The 
monomers are covalently linked, forming linear, branched or cross-linked (network) 
structures (Figure 1.7 (a)). These monomers are linked to each other with a strong 
binding energy, being the reason why the polymers are generally characterised by their 
high molecular weights and stable backbones. Between the polymer chains, however, 
van der Waals forces and hydrogen bonding with a slightly weaker binding energy are 
predominant.24 
The polymers can be natural or synthetic. Proteins and polysaccharides are 
examples of natural polymers, while plastics and adhesives are common synthetic 
ones.1, 25 Polymers can be classified according to their architecture as homopolymers, 
when they have only one type of monomer, or heteropolymers, when the polymer has 
more than one type of monomer. Block copolymers belong to the family 
heteropolymers. When the block copolymers consist of two blocks of different 
monomers in the structure, conventionally termed A and B, they are known as linear 
diblock (AB), for three blocks, they are triblock (ABA), etc. Molecular interactions and 
the physical-chemical properties of polymers can change due to the chemical 
structures and sequences of the monomers. The block copolymers can arrange 





Figure 1. 7 - Structures of polymers according to (a) their structure or (b) chemical composition (red colour illustrates the 





   
  
  
In this work the focus is directed towards block copolymers, as a triblock copolymer 
was used. 
 
1.2.1)   Amphiphilic Block Copolymers and Self-Assembly 
 
As previously mentioned, different monomer sequences induce different characteristic 
physico-chemical properties, having influence in biological activities, even when the 
obtained polymers have equivalent molecular weights. This happens because each 
block of the block copolymers maintains its specific properties while connected in a 
single polymer chain, and immiscibility between blocks often induces a change in the 
higher-order structures. Block copolymers can have amphiphilic character. Amphiphilic 
block copolymers consist of hydrophilic and hydrophobic blocks, being able to form 
nanostructures in an aqueous solution, when the miscibility between the hydrophilic 
and hydrophobic blocks is sufficiently poor to separate the phases. An amphiphilic 
polymer will self-assemble into supramolecular assemblies, like for surfactants. This 
can lead to spherical nanostructures characterised by its core-shell structure, termed a 
polymer micelles.26 In the core-shell structure, the hydrophobic segments are 
segregated from the aqueous exterior to form an inner core, surrounded by a palisade 
of hydrophilic segments.27 
 
 
Figure 1. 8 - Block copolymer micelles in aqueous solution. The blue colour refers to the hydrophilic nature, whereas the 
red represents the hydrophobic feature. 
 
1.2.1.1) Polymer Micelles 
 
The formation of polymer micelles in aqueous solutions occurs at or above the critical 
micelle concentration (cmc). At low polymer concentrations, there are insufficient 
numbers of chains to self-assemble and instead the chains are found distributed 
throughout the solution and they exist as unimers and act as surfactants, adsorbing at 
the air—water interface. As the concentration of polymer increases, more chains are 




   
  
  
solution and interface are saturated with polymer chains, that being the cmc. Adding 
more polymer chains to the system beyond this point will result in micelle formation in 
the bulk solution, reducing the Gibbs energy of the system.28 Amphiphilic copolymers 
form polymeric micelles that are much more stable than surfactant micelles due to the 
low cmc, since many important active agents, such as anticancer active agents have 
poor solubility, the hydrophobicity of the particles is beneficial for drug–tissue relation.29  
The lower cmc of the block copolymers is also associated to a slower rate of 
dissociation, allowing retention of loaded drugs for a longer period of time and 
eventually, achieving higher accumulation of a drug at the target.29 In addition, the 
formation of block copolymer micelles also occurs above the critical micelle 
temperature (cmt). By definition, the cmt is the temperature at which micelles appear in 
an amphiphilic solution of a given concentration.30 The amphiphilic block copolymers 
aggregate into a variety of nano-structures that are typically spherical, cylindrical, or 
vesicular micelles.31 
Most of the amphiphilic diblock copolymers form spherical aggregates with 
core-shell structure, named “star” micelles, with the corona block being longer than the 
core. When the soluble block is much shorter, the aggregates are called “crew cut” 
(Figure 1.9 (A) and (B)). However, depending on the solvent composition and the 
polymer and other factors to be discussed later, the amphiphilic diblock copolymers 
may form other type of aggregates. In general, self-assembly into well-defined 
spherical core-shell micelle aggregates in aqueous solution is a characteristic that 
makes the amphiphilic block copolymers attractive to study.32 
For amphiphilic triblock copolymers with two hydrophobic blocks and a 
hydrophilic block in the middle, a flower-like micelles structure (Figure 1.9 (C)) was 
observed by Graaf et al. Flower-like micelles have lower cmc and higher kinetic stability 









Figure 1. 9 - Star-like (A), crew-cut (B) and flower-like (C) block copolymer micelle.  




   
  
  
The individual polymer chains that form a micelle are in dynamic equilibrium 
with chains that remain in the bulk solution, at the solvent interface, and also 
incorporated into adjacent micelles. The number of polymer chains that assemble to 
form a micelle gives the aggregation number (Nag), and is given by the equation: 
 
Nag=M / M0 (1. 22) 
where M is the molecular weight of one micelle and 𝑀0 is the molecular weight of the 
polymer backbone. Since it is not possible to determine the molecular weight of a 






  (1. 23) 
where R is the radius of the micelle, NA is Avogadro’s constant, and ʋ2 is the partial 
specific volume of the polymer. By using a second approach, Nag can be calculated by 
determining the hydrodynamic radius (Rh) of a micelle and measuring the intrinsic 





  (1. 24) 
The self-assembly process can be affected by some factors that influence the 
final assembled structure. This process is driven by an unfavourable mixing enthalpy 
and a small mixing entropy while the covalent bond connecting the blocks prevents 
macroscopic phase separation. The microphase separation of diblock copolymers 
depends on the total degree of polymerization (N’), and volume fractions of the 
constituent blocks.  N’ can be quantified by Flory–Huggins (χ) parameter: 
 
N’ = (NA + NB) (1. 25) 
 
The Flory–Huggins parameter measures the incompatibility between the two 
blocks of the copolymer.  The relation between the volume fractions of the constituent 
blocks (fA and fB) is:35 






   
  
  
Thus, the segregation product of χ.N’ determines the degree of microphase 
separation. Depending on χ.N’ product, three different regimes can be distinguished: (i) 
the weak-segregation limit (WSL) for χN’ ≤ 10; (ii) the intermediate segregation region 
(ISR) for 10 < χ.N’ ≤ 50 and (iii) the strong segregation limit (SSL) for χ.N’ → ∞. In bulk, 
the smaller block is segregated from the bigger block. This separation will form 
regularly-shaped and uniformly-spaced nanodomains. 
 
 
Figure 1. 10 - Self-assembly of copolymers in solution. 
 
 
Diblock copolymers also self-assemble in block-selective solvents. Depending on the 
solvent affinity, one block can be solubilised whereas the other block is not dissolved 
and this arrangement can form micelles of various shapes depending on the length of 
the two blocks.  When the soluble block is predominant, the insoluble block aggregates 
producing spherical micelles. As the length of the soluble block is decreased relative to 
the insoluble block, cylindrical micelles or vesicles are formed. Thus, for a given 
diblock, different shapes of micelles can be induced by changing the solubility of the 
solvent.36 ABC triblock copolymers ((A)n(B)m(C)) can create self-assembled structures 
in bulk by using block-selective solvents. Triblock copolymers have the possibility to 
form more block segregation patterns than the diblock counterparts and some of the 
patterns are morphologically interesting. Block segregation pattern complexity 
increases further for tetra- and pentablock copolymers, thus making the list almost 




   
  
  
Copolymer micelles are physically assembled structures, however, 
environmental changes often result in size changes and micelle stability. Micelle 
behaviour is influenced by solution conditions such as ionic strength, pH, temperature, 
and polymer concentration. 
 
 
1.2.2)   Stimuli Responsive Amphiphilic Block Copolymers 
 
 
In recent years, stimuli-responsive or ‘smart’ polymers have attracted great attention for 
drug delivery applications. Stimuli-responsive polymers are polymers that undergo 
changes in conformation and/or chemical properties in a controllable, reproducible and 
reversible manner in response to external stimulus from their environmental 
conditions.37 Stimuli can be physical (temperature, electric or magnetic field variations 
and stress)38 or chemical (ionic strength variation, chemical agent addition and pH 
changes). Some polymers can combine two or more stimuli-responsive properties, 
known as dual-responsive polymer systems, while two or more signals can be 
simultaneously applied in order to induce a response. Poly(N-isopropylacrylamide) 
(PNIPAAM) is a polymer that can be triggered by more than one kind of stimulus. 
Introducing a stimuli-responsive polymer into block copolymer architecture creates a 
stimuli-responsive block copolymer.39 An enormous variety of stimuli-responsive 
materials can be envisaged, due to the numerous possibilities in designing block 
copolymer architectures with different stimulus responsiveness.  
 
In drug delivery, polymers that respond to pH variations or temperature changes are 
particularly interesting materials, due to their ability to undergo reversible phase 
transition or conformational changes, as a response to an external stimulus. Those 
characteristics can help in promoting the drug loading, and also modulate the rate and 
the site of the drug release.40 pH and temperature-responsive systems will be 










   
  
  
Table 1. 3 - Chemical structures of some polymers that respond to pH and temperature with applications in drug 
delivery. 
 










































   
  
  
1.2.2.1) Thermo-responsive amphiphilic block copolymers 
 
Temperature is the most used external stimulus, due to the fact that it can be used to 
trigger solubility changes in thermo-responsive copolymers and also because the 
variations in temperature can be applied externally in a non-invasive manner. Another 
important reason for this stimuli to be singled out for bioengineering and 
biotechnological applications is the fact that a temperature change can be seen 
occurring in the affected area of certain diseases. Some polymers can even produce a 
low-viscosity solution that can easily be injected, but the semidilute solution undergoes 
fast gelation in situ as a response to body temperature. These copolymers are 
characterised by a critical solution temperature around which the hydrophobic and 
hydrophilic interactions between the polymeric chains and the aqueous media abruptly 
change within a narrow temperature range. This induces the disruption of intra- and 
intermolecular electrostatic and hydrophobic interactions and results in chain collapse 
or expansion (a volume phase transition).41 
 
1.2.2.1.1)   Lower critical solution temperature (LCST) 
 
Polymers that have one phase below a specific temperature (in water) and are phase-
separated above this temperature, have a lower critical solution temperature (LCST), 
the lowest temperature of the phase separation curve on concentration–temperature 
diagram (Figure 1.11 (A)).41 From a thermodynamic point, the Gibbs energy (ΔG = ΔH-
TΔS) in the dissolution of polymer in water is negative, at lower temperatures. This 
behaviour is very significant in aqueous media where the hydrophobic effect causes 
more negative entropy changes. A phase separation will occur above LCST, with the 
increase of the temperature. This happens because at elevated temperatures the 
hydrated water molecules will go back to the bulk water leaving behind partially 
dehydrated polymer chains that will collapse and aggregate into a polymer rich phase.  
In general, the LCST and the cloud point temperature (CP) are strongly dependent on 
the polymer structure. Better hydrated polymers have a higher CP than less hydrated 
polymers, and an increase in the molecular weight of a polymer decreases the 










Figure 1. 11 - Schematic representation of the polymer phase diagrams for polymers exhibiting (A) LCST behaviour and 
(B) UCST behaviour.43 
 
 
1.2.2.1.2)   Upper critical solution temperature (UCST) 
 
Thermoresponsive polymers with UCST behaviour in water are quite rare, especially in 
comparison to the rather generally observed LCST behaviour. The UCST transitions 
(Figure 1.11 (B)) are an enthalpic process that leads to a much lower phase transition 
(LCST transition is a cooperative entropy process).  Polymer chains with strong 
associative interactions that have to be disrupted through polymer dissolution 
sometimes can lead to polymer insolubility. However, the associative interaction 
strength decreases with increasing temperature. The decrease of the strength leads to 
an increase of the degree of hydration and by consequence, the dissolution of the 
polymer.44 
 
1.2.2.2)   pH-responsive amphiphilic block copolymers 
 
pH-sensitive polymers are polyelectrolytes that contain in their structures weak acidic 
or basic groups that either accept or release protons in response to a change in the 
environmental pH. The acidic or basic groups of these polyelectrolytes can be ionized, 
however, complete ionization is not easy to achieve, due to electrostatic effects exerted 
by other adjacent ionized groups.  This makes the apparent dissociation constant (Ka) 
different from the corresponding quantity in monoacid or monobase.45  
The physical properties, such as chain conformation, configuration, solubility 
and volume of pH-responsive polymers, could be modulated by manipulating the 
charges along the polymer backbone or electrolyte concentrations. This manipulation 
results in electrostatic repulsion forces that create an increase in the hydrodynamic 





   
  
  
the polymer is influenced by conditions that modifies electrostatic repulsion (pH, ionic 
strength and type of counterions), whereas the transition from collapsed state to 
expanded state is due to changes in the osmotic pressure.46, 47 
When ionisable groups become neutral and the electrostatic repulsion forces 
disappear within the polymer network, hydrophobic interactions dominate. The 
introduction of a more hydrophobic moiety can offer a more compact conformation in 









It is an advantage to use polymers that respond to pH changes in order to 
achieve a targeted drug delivery, due to the pH differences in the human body. For 
anti-cancer drug delivery, the release of the drugs can also be triggered by the acidic 
extracellular pH of the tumours, which contributes to a higher efficiency and lower 
toxicity to the surrounding tissues.45, 48, 49 
 
The block copolymer used in this study, has an ionisable COOH group in the poly(2-
succinic acid-propyloxyl methacrylate) block. This polyelectrolyte is protonated and 
thus uncharged at low pH and negatively charged at high pH. The presence of a 
protonated structure at low pH eliminates the electrostatic repulsion forces and 
contributes to the formation of a compact structure. When the pH is increased above 
the pKa of the polymer, the negative charges also increase, and with this the charge 





   
  
  
1.3) Polymer-Surfactant Systems 
 
Polymer-surfactant systems have a very broad range of applications. They can be 
employed in such diverse products as cosmetics, paints, detergents, pesticides, foods, 
polymer synthesis and also in biotechnological applications such as drug delivery.50, 51 
The main types of polymer-surfactant interactions can be grouped into relatively weak 
interactions, between the polymer chains and the surfactant head groups, or strong 
electrostatic interactions, between oppositely charged polyelectrolyte and surfactant. 
Hydrophobic interactions between the polymer and the surfactant groups may also be 
present, and sometimes hydrophobic interactions are even the predominant forces in 
the systems.51, 52 
 
The polymer-surfactant interaction can be described in two ways: (i) interaction in 
terms of an association or binding of the surfactant to the polymer and (ii) interaction in 
terms of micellization of surfactant on or in the vicinity of the polymer chain and thereby 
forming polymer-surfactant mixed micelles. For polymers with hydrophobic groups the 
binding approach is preferred, however, for homopolymers with hydrophilic groups, the 
micelle is a better structure to encapsulated drugs. Regarding the aggregate structure 
in these systems, a “pearl-necklace model” can be utilised to describe this formation, 
with the surfactant forming discrete micellar-like clusters along the polymer chain (Fig. 
1.13). The size of the micelles is usually similar in the presence or in the absence of 








   
  
  
Another phenomenon that can happen in polymer-surfactant solutions is the 
formation of mixed micelles (Fig. 1.14). Surfactant molecules are thought to influence 
the cross-linking between different polymer chains due to the formation of mixed 
micelles composed by polymer hydrophobic tails and surfactant molecules. Usually, 
this interaction lowers the viscosity because of decreased connectivity between 
different polymer chains when the number of surfactants unimers increases in the 
polymer micelle.53 
 
The association of an ionic surfactant to a hydrophilic homopolymer is strongly 
cooperative and starts at a quite well-defined surfactant concentration, known as the 
critical association concentration (cac). This shows that in the presence of a polymer, 
micelles form at a lower concentration than the regular cmc of the surfactant. For ionic 
surfactants, micelle formation is strongly influenced by the unfavourable electrostatic 
interactions (which lead to cmc values that are orders of magnitude higher than for the 
non-ionic surfactants). Polymer molecules are especially effective in lowering the cmc, 
because of additive effects of the diversity of groups in the structure. This lowering is 
moderate for nonionic polymers but, typically, can amount to orders of magnitude for 
oppositely charged polyelectrolytes.51  
If the interactions between surfactant and polymer are favourable, this is 
reflected in dramatic changes in the solution properties. The largest effects of this 
interaction are found at surfactant concentrations just above the cac. In dilute polymer 
solutions the binding of surfactant may induce a folding of the polymer around the 
surfactant aggregates, increasing the intra-polymer interactions (lower viscosity). 
Comparatively, in the semidilute regime, the surfactant aggregates act either as 
junctions or strengthen in the already existing connection between the segments on 
different polymer molecules, inducing the inter-polymer interactions (increase in 
viscosity). At higher surfactant concentrations the viscosity decreases (Fig 1.14). This 
can be explained as a solubilisation of hydrophobic microdomains of the polymer in 











Figure 1. 14 - Schematic illustration of the interaction between amphiphilic polymers and surfactants. 
 
 
1.4) Polymer-Surfactant Systems and Drug Delivery 
 
 
Drug administration can be achieved by a number of different routes: oral, 
subcutaneous, intramuscular, intravenous and topical. The plasma drug concentration 
corresponds directly to the administered dose, which means the drug has a fast 
release requiring several administrations for its therapeutical effect. A relatively fast 
release can produce high plasma levels, leading to adverse effects and compromising 
the patient compliance.54 In order to avoid this, new drug delivery systems have been 
developed over the years.  
 
The oral dosage is the most common route due to the versatility of dosing conditions. 
However, this type of administration sometimes is not so effective due to poor solubility 
of the drug in aqueous environments, such as physiological media. The solubility is an 
important requirement to ensure good body absorption after administration.55 In order 
to improve the solubility without modification of the chemical structure of the drug, and 
also the bioavailability, a new drug delivery system should be stable in order to deliver 
the drug to the target avoiding unwanted release. For instance, low solubility drugs, 
such as paclitaxel and tamoxifen, have been incorporated into nanoparticles in order to 
improve the efficacy.56, 57 
 
Polymers, specially hydrogels, are systems commonly used for a controlled drug 
release due to their ability to swell or deswell in water or other aqueous media, 
according to ionic strengths and pH.58, 59 The insufficient release rate of drugs from a 
polymer systems is due to the retarded diffusion through the network because of fractal 




   
  
  
polymers, have been successfully applied for delivery of water-soluble drugs, such as 
insulin, calcitonin, and ketoprofenlimited. However, some formulations of polymer with 
some water-insoluble drugs are still limited due to the need for solubilisation. In order to 
dissolve this type of drugs, surfactant micelles, liposomes, or emulsions have been 
used as drug carriers.61, 62 Micelles could be formed by dissolution of the surfactant into 
water, and they can be easily be destructed by dilution when exposed to various 
stimuli, such as pH, ionic strength, reducing agents, and proteins. Thus, the addition of 
surfactants to polymer systems helped to improve the dissolution and also the 
bioavailability.63-65  
 
Figure 1. 15 - Schematic illustration of the assembly of mixed micelle-like particles from polyelectrolyte–ionic surfactant 
mixtures. Adapted.66 
 
It is frequently observed that the structure of charged polyelectrolyte-surfactant 
complexes, where the polyelectrolyte and the surfactant are oppositely charged, is 
dictated by the structure that the surfactant forms in the absence of the polyelectrolyte, 
if the polyelectrolyte is sufficiently flexible to adapt.59 In dilute solutions, discrete and 
compact polymer-surfactant particles are formed at various values of the charge ratio, 
and long-range order internal structures can emerge. These particles are regarded as 
potential drug and gene delivery vehicles. They may be used as carriers of nucleic 
acids and other biological components into living cells for therapeutic purposes.25, 45, 67  
 
The main role of polymer-surfactant systems is to release the loaded drug at a slow 
rate, reducing the number of administrations. For a better control of the drug release 
rate, the properties of these systems, such as architecture, composition and, molecular 
weight can be modified to ensure that the released amounts are within the therapeutic 
window for sufficiently long periods of time. The release of the drugs to the external 




   
  
  
chemical degradation, dissociation or in response to external stimuli.68, 69 For this 




Figure 1. 16 - Schematic representation of the release of drugs in nanoparticles.71 
 
Cell cytotoxicity refers to the capacity of certain chemicals to kill living cells. By using 
cytotoxic compound healthy living cells can either be induced to undergo necrosis 
(externally induced cell death) or apoptosis (programmed cell death).  By measuring 
the cytotoxicity it is possible to identify compounds that might pose certain health risks 
in humans. This can be of vital importance during the research phase of new 
pharmaceutical products to ensure the safety of the end-users. 
 
The cytotoxicity of the polymer solutions, surfactant solutions, and polymer-surfactant 
mixtures in this study was measured in cell cultures to gain some insight into the effect 







   
  
  
1.5) Aim of the work 
 
The main objective of this project was to study the interactions between ionic 
surfactants and a dual-responsive triblock copolymer and to gain insight into how 
polymer and surfactant concentration and temperature will affect the size and structure 
of these complexes. Investigation of how the properties of the copolymer-surfactant 
system can be modulated is of utmost importance as this type of systems is of potential 
use in drug delivery applications. The negatively charged triblock copolymer (methoxy-
poly(ethylene glycol)-block-poly(N-isopropylacrylamide)-block-poly(2-succinic acid-
propyloxyl methacrylate) (MPEG45-b-PNIPAAM48-b-PSAPMA10)), was chosen and 
mixed with sodium dodecyl sulphate (SDS) – an anionic surfactant – and 
dodecyltrimethylammonium bromide (DTAB) – a cationic surfactant. 
 
The first part of this work was conducted to characterise the behaviour of the block 
copolymer in the presence of different levels of surfactant addition of an anionic or 
cationic surfactant at a constant polymer concentration. The impact of electrostatic and 
hydrophobic interactions was accessed by determination of parameters such as size, 
structure and cloudiness of the mixtures. Methods such as dynamic light scattering, 
light microscopy, and small angle neutron scattering were performed to check the size, 
stability, and structure of the particles. Turbidimetry and zeta-potential were also 
performed to check cloudiness and electrostatic stability of the particles. 
 
The second part of this work dealt with the biocompatibility of the mixtures and the 
components. To investigate this, cytotoxicity tests were performed in cell lines, probing 
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This chapter describes the experimental techniques used to characterise the 
interactions between the charged triblock copolymer and the cationic or anionic 
surfactant employed in this study. 
 
2.1) Materials and Sample Preparation 
 
Poly(N-Isopropylacrylamide) (PNIPAAM) is one of the most studied temperature-
responsive polymers.72 In aqueous solution, it exhibits a lower critical solution 
temperature (LCST) around 32 ºC, that depends on both the molecular weight and 
concentration of the polymer in the low molecular weight range.73 PNIPAAM has a side 
group, a temperature sensitive conformation, and hydrogen bonding with water that is 
responsible for the water solubility of PNIPAAM. When the solution temperature is 
increased to above the transition temperature, a coil to globule transition will occur that 
is then followed by the creation of aggregates and, if the solution is not too dilute, 
macroscopic phase separation will happen. To allow the formation of nano-structures 
and also load them with drugs, it is necessary to form polymer micelles at elevated 
temperatures. To promote this, it is necessary to combine PNIPAAM with other 
polymeric blocks, to control the aggregation behaviour. Methoxy-poly(ethylene glycol) 
(MPEG) is one hydrophilic block of the copolymer and it constitutes the corona that 
stabilizes the supramolecular structure.  Poly(2-succinic acid-propyloxyl methacrylate) 
(PSAPMA) is the hydrophobic block, completely insoluble, that deprotonates in water 
becoming negatively charge. The association of these three blocks results in the dual 
responsive negatively charged triblock copolymer methoxy-poly(ethylene glycol)-block-
poly(N-isopropylacrylamide)-block-poly(2-succinic acid-propyloxyl methacrylate) 
(MPEG45-b-PNIPAAM48-b-PSAPMA10).  
 
The dual responsive negatively charged triblock copolymer methoxy-poly(ethylene 
glycol)-block-poly(N-isopropylacrylamide)-block-poly(2-succinic acid-propyloxyl 
methacrylate) (MPEG45-b-PNIPAAM48-b-PSAPMA10) (Figure 2.1) was synthesized via 
atom transfer radical polymerization (ATRP) procedure74. The molecular average 
weight (Mw) and polydispersity index (PDI) of the polymer were both determined by 
asymmetric flow field-flow fractionation (AFFFF). The composition of the triblock 
copolymer was defined with aid of 1H NMR and AFFF methods. The synthesis, the Mw 
FCUP 
Materials and Methods 
32 
   
  
 
and PDI measurements were performed by Dr. Kaizheng Zhu in the Polymer Group, 




Figure 2. 1 - Structure of the negatively charged triblock copolymer MPEG45-b-PNIPAAM48-b-PSAPMA10. 
 
The polydispersity index, of the sample was determined using Postnova software 
(AF2000 Control, version 1.1.011) with a Zimm-type fit, and it is 1.18. The molecular 
weight of the polymer is 12,450 g mol-1. Refractive index (1.3330) and pH (ca. 5.2) 
measurements were also performed to gain a broader insight into the physical 
properties of the polymer in aqueous solution. 
 
The commercial surfactants used to interact with the triblock copolymer, were: anionic 
sodium dodecyl sulphate (SDS) surfactant (NaC12H25SO4) (figure 2.2 (a)) and cationic 
dodecyltrimethylammonium bromide (DTAB) surfactant (C15H34NBr) (figure 2.2 (b)). 
Both surfactants were purchased from Sigma Aldrich and they possess a 98% purity 
degree. The molecular weight is 288.4 g mol-1 and 308.3 g mol-1, respectively. The 
critical micelle concentration of the anionic surfactant SDS is reported as 8.2 mM75 and 
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Regarding the sample preparation, a stock polymer solution was prepared in Ultra-pure 
water from Milli-Q system and the solution was allowed to stir for more than 24 hours, 
in an ice bath, to ensure a homogeneous solution and it was kept at 5 ºC. Stock 
solutions for both surfactants were also prepared and stored at 25 ºC. Then, samples 
solutions with 0.25 wt% of polymer and with different surfactant concentration were 
prepared by using a balance Mettler Toledo AG204 Delta Range. The samples 
solutions were stored at 25 ºC. 
 
2.2) Experimental Methods  
 
2.2.1) Light Microscopy 
 
Microscopy is a helpful tool used for the structural characterisation of nanostructures. 
The technique uses light passing through the specimens to produce an accurate and 
real image of it. However, this technique has two major limitations in the 
characterisation of the structures: the resolution limit of the technique and the low 
contrast of the aggregates.77 
Resolution, defined as the ability to distinguish adjacent points as individual 
objects, is limited by the wavelength of the radiation being used. The equation for the 




 (2. 1) 
 
where λ is the wavelength of the radiation (λ: 400-700 nm) and N.A. is the numerical 
aperture of the objective, defined as:  
N.A. =  𝑛𝑟𝑒𝑓 sin 𝜇′ (2. 2)                                                         
where nref is the refractive index of the medium between the lens and the specimen 
and μ′ is half of the aperture angle of the objective. The diffraction of the light by the 
medium between the lenses and the sample also limits the resolution (Equation 2.1). 
While the magnification can be increased without a limiting factor, resolution cannot. 
The limit of the light microscope resolution is ca. 0.2-0.3 µm.79 
Some particles have a low contrast, being not easily distinguishable from the 
background solution, due to their closely matched refractive indices. In order to 
circumvent this problem it is possible to equip the microscope with Differential Interface 
Contrast (DIC) lenses connected to a TV camera in order to help to solve this problem. 
FCUP 
Materials and Methods 
34 
   
  
 
The DIC lenses highlight the contrast between different regions of the sample that have 
similar refractive indexes. The video-camera improves contrast by responding linearly 
to small differences in the contrast of the light intensity, detecting aggregates. This 
setup is called differential interface contrast video-enhanced light microscopy (DIC-
VELM).80 
 
In this work, DIC-VELM was used to confirm the presence of aggregates in the solution 
for different surfactants concentration, since the surfactants have a low contrast. 
 
 




The samples were visualised using an Olympus BX51 light microscope equipped with 
Differential Interference Contrast system and the images were acquired with Olympus 
DP71 digital video-camera and processed using the cellA software from the 
manufacturer. Studies with temperature change were also performed with a 
temperature control Linkam TMHS 600 heating stage controlled by a TP94 unit. 
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2.2.2) Dynamic Light Scattering (DLS) 
 
Light scattering involves measuring the amount of light scattered by a solution at some 
angle relative to the incident light beam. In light scattering, the emitted light has exactly 
the same wavelength as the incident light; particles in solution usually show a Brownian 
motion caused by thermal density fluctuations in the solvent. The change in the 
interference pattern with changing interparticle position will correspond to a change in 
the detected scattered intensity measured at a given scattering angle.  The Brownian 
motion provides the basis for dynamic light scattering, measuring the mobility of 
scattering particles in solution as characterised by their mutual-diffusion coefficient.82  
Light scattering methods have been widely used for analysis of macromolecular 
distribution, polymer molecular weight, radius of gyration, the second virial coefficient, 
and mesh size of the network.83  
A source of energy such as light, neutrons and X-rays, pass through the 
sample, and the scattered beam at different angles goes to the detector. 
 
Figure 2. 4 - Schematic illustration of the principle of a scattering experiment. 
 
 
The scattering wave-vector is provided experimentally by the scattering angle (θ) and 
the wavelength of the laser light (λ), with respect to the direction of the incident light 
beam. These parameters define the length scale observed in a scattering experiment. 
The scattering methods make it possible to explore a system on a length scale of q-1. 
The wave-vector q, is given by:  
 
|?⃗?| = 𝑞 =
4𝜋 𝑛𝑟𝑒𝑓 sin (𝜃/2)
λ
         (2. 3) 
 
where nref is the refractive index of the medium, θ is the scattering angle and λ is the 
wavelength of the incident light in a vacuum.82 In scattering experiments, the 
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information achieved depends on the quantity qL. In scattering measurements qL is the 
defined dimensionless quantity, where L is the characteristic length. L is defined as Rg 
or Rh in dilute and ξs or ξD in semi-dilute regimes.  The quantity qL indicates if the 
probed dimension scales are global (qL<1) or local (qL>1).83, 84 
To analyse the mobility of the particles quantitatively by dynamic light 
scattering, it is necessary to express the scattering intensity fluctuations in terms of 
correlation functions. DLS measurements reveal the relaxation times of the decay, at a 
length scale of q-1. If the scattered light obeys Gaussian statistics, the measured 
homodyne intensity autocorrelation function g(2) (t), is related to the theoretical first-
order electric field correlation function; g(1) (t), given by the Siegert relation:85 
 
g(2) (t) = 1+B|g(1) (t)|2    (2. 4) 
 
 
where B(≤1) is a coherent factor dependent on the experimental geometry. 
For scattering systems of species that exhibit a size distribution, the decay of 
the correlation function can be described by a stretched exponential:86 
 












)            (2. 6) 
 
Where Γ is the gamma function. For dilute solutions of associating polymers 
with different population of sizes (e.g., unimers and micelles), the correlation function 
may exhibit “fast” and “slow” relaxation modes (bimodal), which can be described as a 
single exponential, followed at longer times by a stretched exponential:87 
 
g(1) (t) = 𝐴𝑓 exp [− (
𝑡
𝜏𝑓





]       (2. 7) 
 
 
The first term on the right-hand side portrays the ‘fast’ relaxation mode; short-
time behaviour. It can be related to small species, and in the semidilute concentration 
regime the fast mode can be defined as a measure of how the whole network 
fluctuates (respiration of the network) and it moves around in a cooperative manner. 
This mode is associated with the cooperative diffusion coefficient. The second term can 
be ascribed to bigger aggregates. This term represents the ‘slow’ relaxation mode; 
long-time behaviour. It is interrelated with disengagement relaxation of individual 
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chains or cluster relaxation and defines the movement of individual chains in the 
network.88,87 Af and As are amplitudes for the fast and slow relaxation modes, 
respectively. 𝜏𝑓𝑒 is effective fast relaxation time, 𝜏𝑠𝑒  is the effective slow relaxation 
time, and β is a measure of the width of the distribution of relaxation times. 
The fast relaxation time is usually q2  dependent, revealing that the system is 
diffusive. The diffusion coefficient (D) is a measure of how the molecules move, or how 
the polymer and unimers fluctuates in the solution, and it can be determined by:86, 87 
 
𝜏𝑓
−1 = Dq2 (2. 8) 
By Stokes-Einstein relationship, for systems with a diffusive mode, the 





 (2. 9) 
where kB is Boltzmann’s constant, T is the absolute temperature, and 𝜂 is the viscosity 




DLS measurements were performed to determine the size of the polymer/surfactants 
particles at 25 ºC. The experiments were conducted using an ALV/CGS-8F multi-
detector compact goniometer system with eight off fibre-optical detection units, made 
by ALV-GmbH, Langen, Germany (Figure 2.5). The laser light (He-Ne,λ = 632.5 nm) 
was focused on the sample cell (10 mm NMR tube) and the intensity of scattered light 
was measured simultaneously at eight scattering angles in a range of 22-141°. 
The temperature control of the measurements was provided by a thermostat 
Julabo water bath, circulating water around a cylindrical quartz container filled by a 
refractive index-matching liquid (cis-decalin). All the sample solutions were filtered in 
the atmosphere of filter air through a 5.00 μm filter (Millex-HV, Merck Millipore, Ireland) 
into the pre-cleaned NMR tubes to avoid dust in the solutions. For each concentration, 
3 measurements were performed. 
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Zeta-potential (ζ) is a physical property of any particle in suspension and can be 
studied in order to assess the potential electrostatic stability of a colloidal system. A 
large negative or positive potential, greater than +30 mV (strongly cationic) or less than 
-30 mV (strongly anionic), results in an electrostatic repulsion between particles, 
leading to higher particle stability . Particles with a zeta-potential between -10 mV and 
+10 mV are considered approximately neutral.89 In ionic solutions, charged particles 
have a layer of ions with opposite charge, strongly bound to their surface. This layer is 
called the Stern layer. A second diffuse outer layer is comprised of loosely associated 
ions dispersed around the first layer. These two layers are collectively called the 
electrical double layer.  
As a particle moves through Brownian diffusion or from an applied force, a 
distinct behaviour occurs with the ions within the boundary moving with the particle and 
the ions outside remaining with the bulk dispersant.90 The electrostatic potential at this 
“slipping plane” boundary is called zeta-potential and is associated to the surface 
charge of the particles.89, 90 
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Figure 2. 6 – Schematic representation of the double layer that surrounds a particle in aqueous media.89 
 
 
Electrophoretic mobility of a particle is the velocity by which nanoparticles move 
in a solution. In zeta-potential measurements, the electrophoretic mobility of the 
particles is calculated with an application of an electrical field across the sample. Using 





 (2. 10) 
 
where 𝑈𝐸 is the electrophoretic mobility, z is the zeta-potential (mV), 𝜀 is the dielectric 
constant, 𝜂 is the absolute zero-shear viscosity of the medium, ƒ(𝜅ɑ)  is the Henry 




The polymer-surfactant solutions prepared with different concentrations were analyzed 
by Laser Doppler Micro-electrophoresis with a Zeta-sizer Nano ZS instrument, 
MAL1049741 (Malvern instruments Ltd., United Kingdom), at the temperatures of 25, 
32 and 45ºC. The sample cell used is a “dip” cell, including palladium electrodes with 2 
mm spacing, and disposable cuvettes. One milliliter of the sample was transferred to a 
disposable cuvette and depending of the temperature of each measurement the time of 
thermal equilibrium changed – 2 minutes for 25ºC, 5 minutes for 32ºC and 10 min for 
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45ºC. Five measurements were made for each sample and the values of the 
electrophoretic mobility were converted to zeta-potential values. First standard solution 
of -68 mV was measured five times. 
 
 
Figure 2. 7 - Zeta-sizer Nano ZS instrument. 
 
2.2.4) Small Angle Neutron Scattering (SANS) 
 
Small angle neutron scattering (SANS) is a characterisation technique used to study a 
variety of materials in the size range of 1 to 150 nm. The technique is a valued tool for 
understanding the size and shape of particles or aggregates and the interactions 
between them at a mesoscopic length scale.92, 93 SANS is frequently used in 
nanotechnologies, soft materials and biologically relevant materials.94 The difference of 
the scattering length densities between isotopes, specifically hydrogen and deuterium 
is the foundation of SANS. Neutron scattering can reveal aspects of structural features 
that are difficult to observe by other techniques. Since neutrons are non-destructive, 
the SANS experiment is mild in the way that it does not destroy the sample and it is 
possible to recover the sample after measurements is possible.95 
During a SANS experiment a beam of neutrons is directed at a sample that can 
be an aqueous solution, a solid, a powder, or a crystal. The neutrons are scattered by 
changes in the refractive index inside the sample, down to a nanometric scale. This 
scattering is due to the interaction between the nuclei of the atoms present in the 
sample with the neutrons.92 
SANS measurements can cover a wave vector (q) range of 0.005 ≤ q (Å-1) ≤ 
0.8, which makes the instrument able to probe the structure of the polymer on a more 
local scale.94 For large values of q (qL >> 1), the q dependence of the scattered 
intensity I(q) can be described by a power law: 
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I (q) ~ 𝑞 −𝑑𝑓 (2. 11) 
where the value of power law exponent (df) is the fractal dimension and it provides 
information about the shape of the particles. In order to relate molecular weight and 
radius of gyration (Rg) of the particles in solutions, the relationship can be defined as 
Rg ∝ M
𝑣
, where 𝑣 is the excluded volume parameter. The value of 𝑣 is equal to 0.33 to 
globular structure (coil at poor solvent conditions), 0.5 to random coil at theta solvent 
conditions, and 0.6 to random coil at good solvent conditions. For a rod-like shape 𝑣 is 
≈1. 
The power law exponent is inversely proportional to 𝑣: 
     𝑑𝑓 =
1
𝑣
 (2. 12) 
 
This will lead to values of 𝑑𝑓 of ≈ 1 for rod-like, ≈ 1.7 for random coil in good 
condition, ≈ 2 for random coil in θ condition, and ≈ 3 for globular structures or coils at 
poor conditions. This regime (qL >> 1) is called fractal region.96 
At low q values (qL << 1), the plateau-like domain in the dilute concentration 
regime is called the Guinier regime. With this regime it is possible to determine the size 
of particles or clusters (Rg) using the following relation I(q) =I(0)(1-(1/3)q2Rg2). In the 
case of the semidilute solutions, at low q (qξ <<1), the mesh size of the network can be 
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The SANS-instrument at the JEEP-II reactor of IFE at Kjeller, Norway was employed 
for the measurements with a maximum thermal neutron flux of 1.3x1013 cm-2 s-1 and the 
neutrons are moderated with D2O.  
The reactor is operated at atmospheric pressure and uses uranium as fuel. The 
reactor vessel is made from aluminum and is shielded with concrete. Fast neutrons 
with a wavelength below 4 Å and gamma rays are removed by Be and Bi filters and the 
velocity selector has a wavelength spread Δλ/λ = 20%. The detector distance is 
between 1.0-3.4 m and is a circular (58 cm in diameter) 3He filled RISØ type inside a 
3.5 m long shielded tank. The sample chamber consisting of 7 positions is surrounded 
by steel and is thermally controlled. Air scattering is reduced by vacuum inside the 
chamber. The instrumental q-range is between 0.008 Å-1 and 0.3 Å-1. 
The samples were measured in two different detector distances (1.0 and 3.4 m) 
and two different neutron wavelengths (5.1 Å/10.2 Å) were used in order to obtain a 
large total scattering range (q-range). The transmission was measured separately, and 
the scattering was normalized to absolute units (cm-1) by taking into account empty cell 
and background scattering.  
All samples were inspected before being introduced into quartz cuvettes. Due to 
the low concentration (0.25 wt%), 5 mm cuvettes were used for these samples. All the 
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Turbidity (𝜏) analysis is the optical measurement of the degree of attenuation of a 
radiant beam incident as it is transmitted through a solution of particles or aggregated 
species. 
Turbidimetry analyses the phase change of the samples by measuring the 
decrease in the incident beam intensity per unit length of the given medium. This is a 
consequence of the interaction of the incoming beam with the target medium. The 
scattered light returns to the detector causing a response correlated to the level of 
turbidity in the sample. The increase of the scattered light intensity increases the 
turbidity value.  
The turbidity can be analysed by using a spectrophotometer or a cloud point 








) (2. 13) 
 
where L is the path length through which the light passes, It is the transmitted light 




A NK60-CPA cloud point analyser from Phase Technology, Richmond, B.C., Canada 
was used to analyse the turbidity and cloud point of the solutions. This instrument uses 
a scanning diffuse light scattering technique in order to characterise the phase changes 
of the sample with high sensitivity and accuracy. A light beam is applied in the 
measuring sample, with the peak wavelength of the employed AlGaAs light source at 
654 nm and with an 18 nm spectral half-width. Directly above the sample, there is an 
optical system with light-scattering detectors in a ceaselessly that monitors of the 
scattered intensity signal (S) of the sample while it is subjected to prescribed 
temperature alterations.99, 100 
To transform the scattered intensity signal of the sample into turbidity, the 
relation between the calculated turbidity from the spectrophotometer experiments and 
the signal from the cloud point analyser is related by the given equation101  
  
𝜏  / cm-1 = 9.0 × 10−9S3.751           (2. 14) 
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Figure 2. 10 – Setup of turbidimetry measurements: a) cloud point analyser; b) relation between the calculated turbidity 
from the spectrophotometer and the signal in the cloud point analyser; c) reflected beam in cloud point analyser in the 
absence of crystal; d) scattered light in cloud point analyser in the presence of crystals. 
 
The measurements to study the effect of the triblock copolymer turbidity, in the 
presence of surfactants, were performed by adding 0.15 mL of the sample solution by a 
micropipette onto a special designed glass plate. This glass plate is coated with a thin 
metallic layer with high reflectivity much like a mirror. The sample surface is covered 
with 0.15 mL of a highly transparent silicon oil with a density lower than that of the 
sample to avoid evaporation of the solvent at higher temperatures. A platinum 
resistance thermometer probes the temperature of the sample, and a compact 
thermoelectric device (array of Peltier elements), very closely located to the samples 
solution, is used to cool down and warm up the sample, in a range of -60 ºC to +60 ºC.  
The instrument is connected to a PC, and with the supplied software it is possible to 
collect the signal obtained from the sample solution.  The heating rate was set to 0.2 
ºC/min between 20 ºC and 50 ºC and all the data from the cloud point analyser will be 
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2.2.6) Cell Viability Studies 
 
The use of cytotoxic compounds in the treatment of cells can lead to very diverse 
consequences to those cells. There are a variety of ways to measure the cell viability, 
but the most common methods include the use of different classes of colorimetric 
tetrazolium reagents. Viable cells  with active metabolism reduce tetrazolium reagents 
to formazan products that are directly soluble in cell culture medium and can be 
recorded by a plate reader in specific absorbance maximum.102,103 In this study cell 
viability assay was recorded by using [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-




The cytotoxicity of the triblock copolymer-surfactant systems and the corresponding 
triblock copolymer solution were examined by using NIH 3T3 mouse fibroblast cells, 
purchased from ATCC. NIH 3T3 cells were cultured in DMEM cell culture medium 
(Lonza, Verviers, Belgium), containing 10% fetal bovine serum and 1% penicillin-
streptomycin. Cells were grown by incubation in T75 flask at 37ºC in humidified 
atmosphere with 5% CO2. After getting enough confluence, the cells were split by 
Trypsin, counted and seeded in a 96-well plate (5000 viable cells/well) in four groups; 
control cells (only cells without any addition), blank surfactants (surfactant solutions 
without triblock copolymer in cells), blank triblock copolymer (triblock copolymer 
solution without surfactant in cells) and triblock-copolymer solutions with surfactants (in 
cells). Following to 24 hours incubation, at 37ºC in humidified atmosphere with 5% 
CO2, cells were treated by 100 μL of surfactant solutions, triblock polymer solutions 
and triblock copolymer-surfactant solutions.  
Cell viability tests were carried out after 24 hours of incubation. For each well 
the medium was removed and was washed with PBS, removing the subrenandant 
solution, containing surfactants and polymer. Afterwards, 5 μL WTS-8 cell counting kitt-
8 from Sigma Aldrich, Oslo, Norway, was added to each well and incubated for 3 
hours. 
The absorbance of the produced formazan was measured by plate reader at 
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cell viability / % =
absorbance of treated cells
absorbance of untreated cells
×100        (2. 15) 
 
Absorbance of the blank was subtracted from all values of absorbance, untreated and 
treated cells. The quantity of formazan product measured by UV-spectroscopy is 
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Chapter III:  
Results and Discussion  
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3.1) Phase Behaviour and Solubility  
 
3.1.1) Turbidimetry  
 
Turbidity measurements have been carried out in aqueous solutions of the 
temperature-sensitive MPEG45-b-PNIPAAM48-b-PSAPMA10 block copolymer to monitor 
major temperature-induced changes of the thermodynamic conditions at different 
polymer concentrations. This was done both in presence and absence of ionic 
surfactants, to reveal formation of aggregates and possible macroscopic phase 
separation. 
 
Turbidity in MPEG45-b-PNIPAAM48-b-PSAPMA10  solutions 
 
The turbidity at a temperature of 25 ºC for the triblock copolymer at different polymer 
concentrations (0.01 wt%, 0.1 wt% to 0.25 wt% and to 0.5 wt%) in the absence of 
surfactant is depicted in Figure 3.1. This picture shows that the cloudiness of the 
solution increases with increasing polymer concentration as expected for this type of 





Figure 3. 1 - Samples of  MPEG45-b-PNIPAAM48-b-PSAPMA10 at different concentrations, at 25 ºC. 
 
Figure 3.2 depicts the temperature-induced turbidity change of the copolymer at 




0.01wt% 0.1wt% 0.25wt% 0.5wt% 
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Figure 3. 2 – Effects of concentration and temperature on the turbidity of aqueous solutions of MPEG45-b-PNIPAAM48-b-
PSAPMA10. 
 
The general trend is that the turbidity increases with increasing temperature; this trend 
becomes stronger as the polymer concentration rises. This finding indicates that 
elevated temperature and high polymer concentration favour the growth of large 
aggregates. As the temperature increases, the PNIPAAM block becomes more 
hydrophobic and the sticking probability increases and this promotes aggregation. 
Higher polymer concentration will lead to shorter average distance between the 
moieties and higher collision frequency and this facilitates the aggregation process. 
The minimum concentration measured was 0.01 wt%, since for lower concentrations 
no turbidity alteration is observed in the considered temperature interval. 
  
The cloud point (CP) is the temperature at which the first deviation from the baseline of 
the scattered intensity takes place (Scheme 3.1). Upon increase of the copolymer 
concentration, the cloud point is shifted toward lower temperatures (Figure 3.3). As 
explained above, this is due to the higher collision frequency at higher concentration. 
The trend can be ascribed to more intensive intermolecular associations at higher 
concentrations, leading to a reduction of the cloud point temperature, as seen in 
previous studies.101 
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Scheme 3. 1- Representation of the determination of the cloud point (CP). 
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Turbidity in MPEG45-b-PNIPAAM48-b-PSAPMA10/Surfactant solutions 
 
The temperature dependence of the turbidity for 0.25 wt% solution of MPEG45-b-
PNIPAAM48-b-PSAPMA10 at different levels of DTAB addition is displayed in Figure 3.4 






Figure 3. 4 - Temperature dependencies of the turbidity of (a) 0.25 wt% Polymer/DTAB mixtures and (b) 0.25 wt% 
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The addition of DTAB lowered the turbidity of the solution and the location of the 
turbidity transition in the curve. The binding of the oppositely charged surfactant 
(DTAB) to the anionic polymer will induce electrostatic effects and solubilisation of 
hydrophobic microdomains; this leads to lower stickiness of the species and thereby 
lower tendency to form aggregates.    
As with the addition of DTAB, the addition of SDS (Figure 3.4 (b)) has a 
significant impact on the turbidity of the solution. Even though the charges have the 
same sign, SDS is bound to the polymer and this may lead to solubilisation of 
hydrophobic microdomains and thereby suppress the aggregation. The results clearly 
show, even at a low SDS concentration of 1 mM, a constant low turbidity over the 
considered temperature domain.  
 
 
Figure 3. 5 - Effect of increasing surfactant concentrations on the cloud point. 
 
 
Effects of DTAB and SDS addition on the cloud point temperature for a 0.25 wt% 
copolymer solution are displayed in Figure 3.5. The general trend is that addition of 
surfactant shifts the cloud point to higher temperatures. This is expected as a result of 
the gradual solubilisation of the hydrophobic microdomains with increasing level of 
surfactant addition. At higher surfactant concentrations the cloud point curve levels off, 
and this is ascribed to the saturation of the polymer with surfactant. It is interesting to 
note that, in spite of the same sign of the charges for the copolymer and SDS, this 
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surfactant has the largest impact on the change of the value of CP. This suggests that 
the solubilisation power of the hydrophobic patches is more efficient for SDS than for 
DTAB. Similar behaviour was also shown before in the literature.104 
We note that the cloud point in the mixture of the polymer and SDS increases 
consistently with increasing SDS concentration. This behaviour is the result of the 
repulsion between the negatively charged polymer-SDS micelles that are formed by the 
binding of SDS molecules to the polymer chain in the solution. We note that though 
surfactant and polymer are both negatively charged, the surfactant can still bind to the 
more hydrophobic moities of the copolymer. Hence, as expected, the electrostatic 
repulsions between the mixed micelles supress the aggregation of the hydrophobic 
chains.  
The increase of the cloud point in the polymer-DTAB solution is consequence of 
the increase of the electrostatic effect between the micelles of polymer-surfactant. 
However, the cloud point is almost independent of DTAB concentration in the polymer-
surfactant solution. This might indicate that the electrostatic effect, induced in the 
micelles by the binding of the negatively charged polymer chain with the DTAB 
molecules, is not as strong as the one induced by the binding SDS and polymer.  
 
In order to check this effect, differential interface contrast video-enhanced light 
microscopy was implemented for the same concentrations as in the turbidity study. 
 
 
3.1.2) Differential Interface Contrast Video-Enhanced Light 
Microscopy 
 
Different concentrations of MPEG45-b-PNIPAAM48-b-PSAPMA10 at 25ºC and in the 
absence of surfactant were observed in DIC-VELM.  
 
Solutions of MPEG45-b-PNIPAAM48-b-PSAPMA10 
 
The cloudiness observed from the turbidity measurements is a macroscopic 
phenomenon and it indicates that the formed aggregates are on a visible length scale. 
By using the DIC-VELM technique, it was possible to observe micron-sized particles in 
the solutions; this observation endorses that the polymer solutions exhibit macroscopic 
phase separation. For all the considered concentrations of MPEG45-b-PNIPAAM48-b-
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PSAPMA10 (Figure 3.6), it is possible to detect the presence of micron-sized particles, 
even for the lowest studied concentration. The particles seem to increase in size with 
increasing polymer concentration; a similar trend is also found for the species observed 
in DLS, as will be discussed below.   
 
 
Figure 3. 6 – Images of MPEG45-b-PNIPAAM48-b-PSAPMA10  at different concentrations at 25 ºC. 
 
 
Interaction of cationic surfactant and of MPEG45-b-PNIPAAM48-b-PSAPMA10 
 
The block copolymer solutions in the presence of DTAB of different concentrations 
were also studied with the DIC-VELM technique. Figure 3.7 illustrates DIC-VELM 
images for 0.25 wt% of the triblock copolymer in the presence of different levels of 
DTAB addition. At low concentrations of DTAB, large aggregates are visible. The 
number of aggregates and their size became smaller with increasing DTAB 
concentration, but even for high DTAB concentrations visible aggregates are always 
present. These results are compatible with the turbidity findings.  
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Figure 3. 7 - Images of 0.25 wt% MPEG45-b-PNIPAAM48-b-PSAPMA10/DTAB at the DTAB concentrations indicated at 
25ºC. 
Interaction of anionic surfactant and of MPEG45-b-PNIPAAM48-b-PSAPMA10 
 
The phase separation in the presence of SDS in the copolymer solutions was also 
possible to confirm. Solutions with 1 mM, 8 mM, 10 mM and 15 mM show the effect in 
the size of the particles. DIC-VELM images at 25 oC in 0.25 wt% solutions of the 
copolymer in the presence of different levels of SDS addition are displayed in Figure 
3.8. Similar features are observed in this case as in the presence of DTAB. The 
observed average size of the species seems to decrease with increasing surfactant 
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concentration in a similar manner as in the presence of DTAB. These results are also 
consistent with the turbidity features.  
A temperature scanning with the increase of the temperature between 25º and 
50 ºC, was also conducted for all the samples and visualized with the help of the 
microscope. However, it was not possible to observe any changes in the solutions by 
using the microscope. 
 
Figure 3. 8 - Images of 0.25 wt% MPEG45-b-PNIPAAM48-b-PSAPMA10/SDS as a function of surfactant concentration at 
25 ºC. 
The behaviour described in the two previous Figures (Figure 3.6 to 3.8) is observed by 
technique that assess micro-scale aggregates. During the preparation of the samples, 
it was possible to detect that the turbidity of the samples dropped with increasing 
surfactant concentration; a similar tendency was found from the turbidity 
measurements. Turbidimetry and DIC-VELM both disclose growth of the aggregates for 
all the samples at elevated temperatures, both in the presence and absence of a 
surfactant. To gain a better understanding of the electrostatic interactions and the 
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3.2) Charge and Microstructure 
 
3.2.1) Zeta-Potential Experiments 
 
Zeta Potential of MPEG45-b-PNIPAAM48-b-PSAPMA10 solutions 
 
The zeta-potential results for aqueous solutions of MPEG45-b-PNIPAAM48-b-PSAPMA10 
of various polymer concentrations in the absence of surfactant at 25 oC are shown in 
Figure 3.9. It is found that the value of the zeta-potential changes from about -40 mV to 
approximately -23 mV as the polymer concentration increases to 0.5 wt%. This 
alteration can probably be attributed to the formation of gradually larger aggregates 
with increasing concentration, as indicated by the DIC-VELM (Figure 3.6) and 
turbidimetry (Figure 3.2) results. The conjecture is that some of the negative groups are 
hidden in the interior of the moieties when larger aggregates are formed at higher 
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Concentration dependence of the zeta-potential for aqueous solutions of the copolymer 
without surfactant at different temperatures is depicted in Figure 3.10. At a given low 
polymer concentration, the negative value of the zeta-potential decreases with 
increasing temperature, this feature is ascribed to the augmented aggregation taking 
place at elevated temperatures, because of the enhanced hydrophobicity of the 
PNIPAAM and PSAPMA blocks at higher temperatures. At a fixed temperature, the 
tendency of the zeta-potential is similar as discussed above, but the change of the 
zeta-potential is more accentuated at the highest temperature due to the combined 





Figure 3. 10 - Zeta-potential of MPEG45-b-PNIPAAM48-b-PSAPMA10 as a function of the concentration at the indicated 
temperatures. 
 
Zeta Potential on the interaction between MPEG45-b-PNIPAAM48-b-PSAPMA10 and 
cationic surfactant  
 
Effect of DTAB addition on the zeta-potential in a 0.25 wt% aqueous solution of 
MPEG45-b-PNIPAAM48-b-PSAPMA10 is illustrated in Figure 3.11 at a temperature of 25 
oC. At low DTAB concentrations, the negative sign of the zeta-potential is due to the 
charge of the polymer (the charge density decreases from -30mV to -4 mV in the 
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presence of 0.5 mM DTAB), but at higher levels of DTAB addition the curve passes 
through the charge neutralization point (0 mV) and the sign of the zeta-potential 
becomes positive and it increases up to approximately 10 mV at 18 mM DTAB, and 
then the curve seems to flatten out. This behaviour of the zeta-potential suggests that 
more surfactant is gradually bound to the polymer and the charge density rises and at 
sufficiently high surfactant concentration the polymer is saturated with surfactant 
(plateau-like region of the zeta-potential curve) and surfactant micelles are formed in 
the bulk. 
 
Figure 3. 11 - Zeta-potential of 0.25  wt% MPEG45-b-PNIPAAM48-b-PSAPMA10/DTAB as a function of surfactant 
concentration at 25 ºC. 
 
Studies on the temperature dependence of MPEG45-b-PNIPAAM48-b-PSAPMA10/DTAB 
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Zeta Potential on the interaction between MPEG45-b-PNIPAAM48-b-PSAPMA10 and 
anionic surfactant  
 
 
Figure 3. 12 - Zeta-potential of 0.25 wt% MPEG45-b-PNIPAAM48-b-PSAPMA10 /SDS as a function of surfactant 
concentration at 25 ºC. 
 
Zeta-potential was also measured for 0.25 wt% MPEG45-b-PNIPAAM48-b-PSAPMA10 in 
the presence of SDS at 25ºC (Figure 3.12). Since both the copolymer and the SDS are 
negatively charged, we expect the negative zeta-potential to increase upon binding of 
the negatively charged surfactant to the copolymer and this is evident from Figure 3.13. 
Actually, the charge density increases with increasing surfactant concentration up to 
approximately 15 mM; at higher SDS concentration a plateau-like region is reached as 
the polymer species are saturated with surfactant.   
 
In similarity to DTAB, the increase of charge density is consequence of the adsorption 
of the negatively charged SDS onto the negatively charged copolymer chain, 
increasing the number of negative charges of the species present in the solution. At 
higher surfactant concentrations, a plateau-like region is reached due to the saturation 
of the polymer by surfactant micelles. This plateau is consequence of the increase of 
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To check the impact of the surfactant on the zeta-potential, in the absence of the 
copolymer, measurements were conducted on surfactant solutions without polymer for 
the two SDS solutions with concentrations of 8 mM, and 10 mM the values of the zeta-
potential are -17,2 mV (micelle formation), and -40,7 mV, respectively. This indicates 
that the trend observed in Figure 3.13 reflects the binding of surfactant to the polymer. 
The same conclusion was reached from zeta-potential measurements on DTAB without 
polymer  (for 15 mM the value was 30 mV and for 20 mM it was 45 mV).   
 
 
Figure 3. 13 - Zeta-potential of 0.25  wt% MPEG45-b-PNIPAAM48-b-PSAPMA10 /SDS as a function of surfactant 
concentration at the indicated temperatures. 
 
Effects of temperature and SDS addition on the zeta-potential for 0.25 wt% solutions of 
the copolymer are shown in Figure 3.13. The results reveal that the effect of surfactant 
concentration on the zeta-potential is significantly stronger at the highest temperature 
(45 oC). This can probably be ascribed to a higher degree of binding of SDS to the 
polymer, because an elevated temperature favours a higher degree of surfactant 
binding to the polymer since the PNIPAAM and PSAPMA blocks become more 
hydrophobic. 
To gain insight into the structure, dynamics, and size of the polymer species on a 
nanoscopic length scale, SANS experiments and DLS measurements have been 
carried out on these systems. 
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3.2.2) Small Angle Neutron Scattering 
 
The SANS intensity profiles for 0.25 wt% of MPEG45-b-PNIPAAM48-b-PSAPMA10, in the 
absence and presence of different d-SDS concentrations in D2O, at a temperature of 
25ºC, can be observe in Figure 3.14 in a semilogarithmic representation. 
To obtain more detailed information about the polymer structure of the 
complexes formed in the presence of SDS, the scattering from MPEG45-b-PNIPAAM48-
b-PSAPMA10 in the mixtures has been obtained using contrast-matching conditions, 
where deuterated sodium dodecyl sulphate (d-SDS) is added to the hydrogenated 




Figure 3. 14 - SANS intensity plotted versus the scattering vector q at 0.25 wt% of MPEG45-b-PNIPAAM48-b-PSAPMA10  
with and without d-SDS, at 25ºC. 
 
We note that an increase of d-SDS concentration leads to a decrease of the scattered 
intensity. An upturn in the scattered intensity can be observed in the low q range. In the 
absence of d-SDS, the upturn of the scattered intensity at low q values is quite strong 
and this announces the presence of large species in the solution. The addition of 1mM 
d-SDS gives a slightly stronger upturn than the sample without d-SDS. This effect can 
probably be ascribed to the formation of larger aggregates at this low surfactant 
concentration as indicated from the DLS experiments (see Figure 3.19).  
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With the increase of d-SDS concentration, a clear and highly systematic 
reduction is observable in the scattered intensity at low q values. This reduction 
indicates a gradual reduction in aggregate size, as confirmed by DLS measurements 
shown below. The trend is very pronounced from 1 to 4 mM, but less above 8 mM (cmc 
of SDS). This may suggest that at higher levels of SDS addition, most of the 
hydrophobic microdomains of the polymer have already been solubilised and higher 
surfactant concentration will only lead to more micelles in the bulk.  
At 8 mM d-SDS and above, there are some weak signs of a correlation peak 
around q=0,04 Å-1. Although the alkyl chain of SDS is invisible (since it is deuterated), 
this peak occurs because the charged head group (SO3-) still gives a weak contribution, 
meaning that the contribution from shells of the SDS micelles will have a specific 
interaction distance: 2π/q ≈ 2π/0,04 Å-1, or ca. 150 Å. SANS measurements for DTAB 
in polymer solution were not performed because d-DTAB was not commercial 
available.  
 
To get a better overview of MPEG45-b-PNIPAAM48-b-PSAPMA10 with SDS and DTAB 
surfactants, DLS measurements were also performed. 
 
 
3.2.3) Dynamic Light Scattering 
 
The DLS is one of the most extensively used techniques to probe the dynamics of 
polymer and polyelectrolyte solutions. Measurements to obtain information about the 
hydrodynamic radius (Rh), in MPEG45-b-PNIPAAM48-b-PSAPMA10 solutions, in the 
presence and absence of surfactants, were carried out at 25 ºC. To obtain the results 
of these measurements, a correlation function (see Appendix B) was fitted by means of 
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MPEG45-b-PNIPAAM48-b-PSAPMA10  solutions 
 
MPEG45-b-PNIPAAM48-b-PSAPMA10 correlation functions, fitted for one measurement 
of 0.05 wt% polymer concentration is shown in Figure 3.15.  
 
 
Figure 3. 15 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º and 124º scattering 
angles for the first measurement of 0.05 wt% polymer solution at 25ºC. 
 
The hydrodynamic radius increases with the increment of polymer concentration as 
shown in Figure 3.16. This tendency indicates an increase of the polymer size and is 
associated with the increase of the sticking probability. As a consequence the 
probability of finding aggregates in the solution is higher; in other words, the formation 
of aggregates is favoured. All the Rh were obtained by fitting a unimodal model, except 
for 0.01 wt% of polymer it was not possible to obtain a scattered signal because the 
polymer concentration is too low.  
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Figure 3. 16 - MPEG45-b-PNIPAAM48-b-PSAPMA10 concentration dependence of the hydrodynamic radius size at 25 ºC. 
 
Comparing the DLS results of the copolymer with the previous techniques, it is possible 
to relate the decrease of charge density observed in zeta-potential, and the increase of 
turbidity with the increase of the particles size observed. However, when comparing the 
degree of increase in the particles size, observed in the DLS plot (Figure 3.16) with the 
degree of increase in charge density, observed in the zeta-potential plot (Figure 3.9) 
the former is rather smaller. This is an odd behaviour since such an insignificant 
difference was not to be expected. A possible explanation for this deviation from the 
anticipated behaviour is the pH and how it changes with the increase of MPEG45-b-
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Figure 3. 17 - Effect in the pH with the increase of MPEG45-b-PNIPAAM48-b-PSAPMA10 concentration, at 25ºC. 
 
With increasing MPEG45-b-PNIPAAM48-b-PSAPMA10 concentration, the pH tends to 
decrease until it reaches a plateau. This finding suggests that the electrostatic 
repulsion forces decreases, forming compact structures. These compacted structures, 
associated with a low charge density, will have a lower pH with increasing polymer 
concentration. Thus, the size of the particles is not as affected as expected, but the 
zeta-potential is. This effect was not possible to measure to concentrations lower than 
0.1 wt% due to the solubilisation effect. 
 
Interaction of the cationic surfactant with MPEG45-b-PNIPAAM48-b-PSAPMA10   
 
The hydrodynamic radii for solutions with MPEG45-b-PNIPAAM48-b-PSAPMA10/DTAB 
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Figure 3. 18 - Effect of DTAB on the hydrodynamic radius of the particles for 0.25  wt% MPEG45-b-PNIPAAM48-b-
PSAPMA10 at 25ºC. 
 
The addition of the cationic surfactant to the negatively charged copolymer in solution 
leads to a decrease in the size of the complexes present in solution (Figure 3.18). This 
behaviour suggests that the surfactant bounded to the polymer promotes the 
solubilisation of the polymer and enhanced electrostatic repulsive forces will probably 
reduce the tendency to form association complexes.  
 
 
Interaction of the anionic surfactant with MPEG45-b-PNIPAAM48-b-PSAPMA10   
 
DLS measurements with 0.25wt% of MPEG45-b-PNIPAAM48-b-PSAPMA10 at different 
levels of added SDS at 25ºC are shown in Figure 3.19. 
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Figure 3. 19 - SDS concentration dependence of the aerodynamic radius size of the particles for 0.25  wt% MPEG45-b-
PNIPAAM48-b-PSAPMA10 at 25ºC. 
 
 
At low surfactant concentrations the hydrodynamic radius in Figure 3.19 passes 
through a maximum and at higher SDS concentrations a monotonous decrease of Rh is 
observed. Initially, larger polymer-surfactant complexes are formed, whereas at higher 
surfactant concentrations solubilisation of hydrophobic microdomains will break-up the 
aggregates.  
 
Comparison of both surfactants interaction with MPEG45-b-PNIPAAM48-b-PSAPMA10   
 
Comparing the previous results for anionic and cationic surfactants, it is possible to 
predict that the cac will be lower for the DTAB/copolymer solutions. As previously 
mentioned, below the cac the adsorption of the surfactant, the polymer isn't solubilized, 
even with the adsorption of the surfactant.  However above the cac the surfactant 
induces the solubilisation of the polymer. In this case, if the lowest concentrations for 
both systems are compared, a difference in the size of the particles is clear. Comparing 
with absence of surfactants the DTAB addition decreases the size abruptly whereas for 
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3.3) Cytotoxicity  
 
Cytotoxicity of the anionic surfactant with MPEG45-b-PNIPAAM48-b-PSAPMA10   
 
Figure 3.20 depicts the cell viability of fibroblast cells NIH-3T3 in the presence and 
absence of SDS in solution with 0.25 wt % MPEG45-b-PNIPAAM48-b-PSAPMA10.The 




Figure 3. 20 - Cell viability of NIH-3T3 in the presence of copolymer/SDS solution, after 24 hours. 
 
The cell viability of 0.25 wt% blank copolymer showed a negligible cytotoxic effect (> 
83 %), making this polymer a good candidate to be used as a nanocarrier.  
The obtained results clearly show that concentrations of SDS in the range 
between 0.25 and 8 mM induce cytotoxic effect. The outcome indicates that an 
increase of SDS concentration will decrease the cell viability of the fibroblast cell line. 
However, the polymer-SDS mixtures results in a better option than the SDS solutions. 
There is no doubt that by keeping the polymer concentration constant and increasing 
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Cytotoxicity of the cationic surfactant with MPEG45-b-PNIPAAM48-b-PSAPMA10   
 
Figure 3.21 shows the cell viability for the same cell line in the presence and in the 
absence of DTAB in MPEG45-b-PNIPAAM48-b-PSAPMA10 solution. The trend in this 
system is opposite, for a range between 2 mM and 12.5 mM of DTAB, the cell viability 




Figure 3. 21 - Cell viability of NIH-3T3 in the presence of copolymer/DTAB solution, after 24 hours.  
 
The difference between the DTAB solution and DTAB/copolymer solution is not so 
large, except for 6 mM of DTAB. These differences may reflect variations in the cell 
membranes, differences in growth conditions or even the charge density, since it is 
positive in all systems. The increase of the cell viability may be due to the size of the 
particles in the solution, in the case of copolymer/DTAB; the size of the polymer 
decreases with the increase of DTAB concentration. Similar results have been 
observed in previous studies.31 
 
Surfactant toxicity is dependent upon its ability to partition between the aqueous phase 
and the cell membrane and may also be dependent of its ability to subsequently cross 
the membrane and enter the cytoplasm, as seen in previous studies.106, 107 In this 
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study, the findings may show that the surfactants interact with the cell membrane, 






















   
  
 
4) Conclusion and Future Work 
 
In this work, we have investigated the interactions in aqueous solution between the 
polymer MPEG45-b-PNIPAAM48-b-PSAPMA10, a dual-responsive negatively charged 
triblock copolymer, and the surfactants sodium dodecyl sulphate (SDS) and 
dodecyltrimethylammonium bromide (DTAB). An initial study by turbidimetry and DIC-
VELM showed that in absence of surfactant, formation of aggregates occurs in the 
polymer solution and that this trend is enhanced by increasing polymer concentration. 
The addition of surfactant, SDS or DTAB, led to decrease of the turbidity, suggesting 
the solubilisation of the hydrophobic patches and the presence of electrostatic 
interactions. By analysing the cloud point, the findings indicated that to induce 
aggregation of the polymer in the presence of surfactants, higher temperatures are 
needed for SDS than for DTAB. 
Zeta-potential results for aqueous solutions of copolymer showed a decrease in 
the charge density with the increase of the polymer concentration. This effect is 
associated with the formation of bigger aggregates, as confirmed by the DLS 
measurements. The presence of surfactants induced the increase of the charge 
density. This increase is a consequence of the adsorption of the charged surfactants 
onto the negatively charged copolymer chain. The solubilisation of the hydrophobic 
microdomains, proposed in this study was confirmed by both DLS and SANS 
measurements. SANS data showed that the addition of d-SDS to the copolymer 
induces the presence of large aggregates. These aggregates become gradually 
smaller with increasing of the d-SDS concentration because of enhanced solubilisation. 
Using DLS, it was possible to confirm the increase of the copolymer size, described in 
turbidimetry and zeta potential measurements, with increasing polymer concentration. 
In the presence of DTAB or SDS in the solution, the size of the polymeric particles 
decreased. These findings are consistent with the solubilisation of the hydrophobic 
domains, observed in the previous techniques and also with the influence of the 
electrostatic repulsions imparted by adsorption of ionic surfactants onto the polymer 
chains. 
Cytotoxicity studies carried out on fibroblasts cells NIH-3T3, showed that the 
cytotoxicity of the polymer changes with surfactant addition, rising as the concentration 





   
  
 
Several relevant issues were left opened in this study, namely the the effect of the pH 
in the mixed polymer/surfactant systems, considering that the block copolymer is 
ionisable and that this may considerably affect the interaction with ionic surfactants. 
Further structural characterisation of the aggregates present in solution (in the neat 
polymer solution and in presence of surfactants), as a function of temperature and pH, 
is important in order to more fully address the potential of these complexes as carriers 
for biomolecules, under conditions similar to the physiological ones. Cryo-TEM imaging 
for both polymer/surfactant systems and fluorescence studies in the cells, in the 
presence of DTAB/polymer and SDS/polymer complexes, can also be elucidating and 
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Figure A. 1 - Synthetic route for the preparation of the MPEG-b-PNIPAAM-b-PSAPMA triblock copolymer via an 




















Figure A. 2 - 1H NMR spectra recorded for MPEG-b-PNIPAAM-b-PHPMA (bottom, hydroxylated precursor) and MPEG-
b-PNIPAAM-b-PSAPMA (top) in CD3OD-d4 (600MHz, 25 




   
  
 
Appendix B  
DLS measurements for each concentration studied 
 
Figure B. 1 - First-order electric field correlation function versus time at 73º, 90º, 107º and 124º scattering angles for the 




Figure B. 2 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º and 124º scattering 









Figure B. 3 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º and 124º scattering 
angles for the second measurement of 0.1 wt% polymer solution at 25ºC. 
 
Figure B. 4 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º and 124º scattering 
angles for the first measurement of 0.25 wt% polymer solution at 25ºC. 
 
Figure B. 5 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º and 107º scattering angles for 








Figure B. 6 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º and 124º scattering 
angles for the third measurement of 0.25 wt% polymer solution at 25ºC. 
 
Figure B. 7 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º and 124º scattering 
angles for the first measurement of 0.5 wt% polymer solution at 25ºC. 
 
Figure B. 8 - First-order electric field correlation function versus time at 73º, 90º, 107º and 124º scattering angles for the 








Figure B. 9 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º and 124º scattering 
angles for the first measurement of 1 mM DTAB in 0.25wt% polymer solution, at 25ºC. 
 
Figure B. 10 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º, 124º and 141º 
scattering angles for the second measurement of 1 mM DTAB in 0.25 wt% polymer solution, at 25ºC. 
 
Figure B. 11 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º, 124º and 141º 









Figure B. 12 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º, 124º and 141º 
scattering angles for the second measurement of 2 mM DTAB in 0.25 wt% polymer solution, at 25ºC. 
 
Figure B. 13 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º, 124º and 141º 
scattering angles for the first measurement of 5 mM DTAB in 0.25 wt% polymer solution, at 25ºC. 
 
Figure B. 14 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º, 124º and 141º 








Figure B. 15 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º, 124º and 141º 
scattering angles for the third measurement of 5 mM DTAB in 0.25 wt% polymer solution, at 25ºC. 
 
 
Figure B. 16 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º, 124º and 141º 
scattering angles for the first measurement of 7 mM DTAB in 0.25 wt% polymer solution, at 25ºC. 
 
Figure B. 17 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º, 124º and 141º 








Figure B. 18 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º, 124º and 141º 
scattering angles for the first measurement of 10 mM DTAB in 0.25 wt% polymer solution, at 25ºC. 
 
Figure B. 19 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º, 124º and 141º 
scattering angles for the second measurement of 10 mM DTAB in 0.25 wt% polymer solution, at 25ºC. 
 
Figure B. 20 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º, 124º and 141º 








Figure B. 21 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º, 124º and 141º 
scattering angles for the first measurement of 12 mM DTAB in 0.25 wt% polymer solution, at 25ºC. 
 
Figure B. 22 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º, 124º and 141º 
scattering angles for the second measurement of 12 mM DTAB in 0.25 wt% polymer solution, at 25ºC. 
 
Figure B. 23 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º, 124º and 141º 








Figure B. 24 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º, 124º and 141º 
scattering angles for the second measurement of 15 mM DTAB in 0.25 wt% polymer solution, at 25ºC. 
 
Figure B. 25 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º, 124º and 141º 
scattering angles for the third measurement of 15 mM DTAB in 0.25 wt% polymer solution, at 25ºC. 
 
Figure B. 26 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º and 124º scattering 








Figure B. 27 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º and 124º scattering 
angles for the second measurement of 1 mM SDS in 0.25 wt% polymer solution, at 25ºC. 
 
Figure B. 28 - First-order electric field correlation function versus time at 73º, 90º, 107º and 124º scattering angles for 
the third measurement of 1 mM SDS in 0.25 wt% polymer solution, at 25ºC. 
 
Figure B. 29 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º and 124º scattering 








Figure B. 30 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º and 124º scattering 
angles for the second measurement of 3 mM SDS in 0.25 wt% polymer solution, at 25ºC. 
 
Figure B. 31 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º and 124º scattering 
angles for the third measurement of 3 mM SDS in 0.25 wt% polymer solution, at 25ºC. 
 
Figure B. 32 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º and 124º scattering 








Figure B. 33 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º and 124º scattering 
angles for the second measurement of 6 mM SDS in 0.25 wt% polymer solution, at 25ºC. 
 
Figure B. 34 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º and 124º scattering 
angles for the third measurement of 6 mM SDS in 0.25 wt% polymer solution, at 25ºC. 
 
Figure B. 35 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º and 124º scattering 








Figure B. 36 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º and 124º scattering 
angles for the second measurement of 8 mM SDS in 0.25 wt% polymer solution, at 25ºC. 
 
Figure B. 37 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º and 124º scattering 
angles for the first measurement of 10 mM SDS in 0.25 wt% polymer solution, at 25ºC. 
 
Figure B. 38 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º and 124º scattering 








Figure B. 39 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º and 124º scattering 
angles for the first measurement of 12 mM SDS in 0.25 wt% polymer solution, at 25ºC. 
 
Figure B.40 - First-order electric field correlation function versus time at 39º, 56º, 73º, 90º, 107º and 124º scattering 










Model used in SANS analysis 
 
The core shell model, used to fit the data from SANS, provides the form factor, P(q), for 
a spherical particle with a core-shell structure. The form factor is normalized by the 
particle volume. 







[sin(𝑞𝑟𝑐) − 𝑞𝑟𝑐 cos (𝑞𝑟𝑐)]
(𝑞𝑟𝑐)3
+ 3𝑉𝑠(𝜌𝑐 − 𝜌𝑠𝑜𝑙𝑣)







where scale is a scale factor, 𝑉𝑠 is the volume of the outer shell, 𝑉𝑐 is the volume of the 
core, rs is the radius of the shell, rc is the radius of the radius of the core, 𝜌𝑐 is the 
scattering lenght density of the core, 𝜌𝑠 is the scattering length density of the shell, 
𝜌𝑠𝑜𝑙𝑣 is the scattering length density of the solvent, and bgk is the background level. 
This equation works to 1D and 2D scattering, regardless of the orientation of the q 
vector.  
 
The fittings were calculated with the help of Professor Kenneth Knudsen, with the 
software developed in IFE, Kjeller, Norway. The fittings shown here are for 0.25 wt% 
polymer solutions in the presence of 4 mM d-SDS and 8 mM d-SDS to show the 
difference before and after the cmc. The strong upturn of the scattered intensity at low 
q-values demonstrates that the sizes of the complexes are outside the Guinier regime 
















Figure C. 2 - Model fit for core shell model, with copolymer and 8 mM d-SDS 
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